Introduction {#s1}
============

The inner surface of the cornea is comprised of a single layer of corneal endothelium, formed by human corneal endothelial cells (HCECs). The major function of the corneal endothelium is to maintain a constant water content in the corneal stroma. HCECs rely on the intercell barrier formed by the tight junction protein zona occlusion-1 (ZO-1)[@i2164-2591-8-3-27-b01],[@i2164-2591-8-3-27-b02] and the water pump protein Na/K-ATPase (ATPase)[@i2164-2591-8-3-27-b03][@i2164-2591-8-3-27-b04]--[@i2164-2591-8-3-27-b05] to prevent corneal edema and to maintain corneal transparency; therefore, these proteins are often used as markers when characterizing the morphology and function of HCECs. The human corneal endothelium density is approximately 3500 to 4000 cells/mm^2^ at birth, which gradually decreases and stabilizes at 2000 to 3000 cells/mm^2^ with age.[@i2164-2591-8-3-27-b06][@i2164-2591-8-3-27-b07]--[@i2164-2591-8-3-27-b08] When the HCEC density drops below 1000 cells/mm^2^, as can be observed in diseases such as Fuch\'s endothelial corneal dystrophy, cataract surgery-caused damage, corneal hypoxia, and glaucoma, the corneal endothelium loses its water-regulating function. Once the corneal endothelium loses its function and corneal edema occurs, penetrating keratoplasty is usually required to restore vision.

Over the past decade, lamellar corneal transplantation, in which only the damaged part of the cornea is replaced, rather than the entire cornea, has been increasingly used in place of penetrating keratoplasty for corneal transplantation. This procedure not only preserves the mechanical strength of the cornea but also reduces the occurrence of transplantation rejection. According to the American Eye Bank Association, nearly half of corneal transplant cases in the United States are associated with endothelial keratoplasty. Likewise, over 50% of corneal transplantation cases in Taiwan are due to endothelial cell dysfunction.[@i2164-2591-8-3-27-b09] Therefore, endothelial keratoplasty has become an increasingly popular option for corneal transplantation.

The Descemet stripping automated endothelial keratoplasty (DSAEK) procedure is one of the major types of endothelial keratoplasty,[@i2164-2591-8-3-27-b10] which has the advantages of reduced postoperative refraction changes, faster wound healing, the ability to maintain the corneal surface integrity, and increased resistance to external blows. However, for DSAEK, donor corneas are still required. In 2009, Honda et al.[@i2164-2591-8-3-27-b11] used endothelium-removed human corneal lamella as a carrier to transplant cultivated HCECs with the DSAEK technique, which successfully cleared the swollen corneas of rabbits. Transplanting cultivated HCECs into the eye using the DSAEK technique is called culture-based DSAEK (c-DSAEK). The development of c-DSAEK is important because of the long-standing corneal shortage in Asia and the universal issue that most donated corneas are aged corneas, with reduced endothelial densities.

Regarding the development of HCEC carriers, Doillon et al.[@i2164-2591-8-3-27-b12] first used collagen as a carrier material in 2003. The use of various biomedical materials, including cross-linked hyaluronic acid,[@i2164-2591-8-3-27-b13] collagen/chitosan/sodium hyaluronate,[@i2164-2591-8-3-27-b14] chitosan/polycaprolactone blends,[@i2164-2591-8-3-27-b15] and heparin-modified gelatin,[@i2164-2591-8-3-27-b16] has also been reported. However, the mechanical strength and cytocompatibility of the abovementioned materials must be improved. Because the structural properties and strengths of synthesized biomedical materials are usually inferior to those of animal corneas, another source of carrier material is decellularized animal corneas.[@i2164-2591-8-3-27-b17] However, the supply of animal corneas is also limited, and animal corneas can be difficult to obtain due to the high costs of quarantine and the screening of zoonoses.

Like corneas, tilapia fish scales are a biomaterial with the potential for use as a natural, collagen-based cell carrier that can be obtained in large quantities.[@i2164-2591-8-3-27-b18] Tilapia fish scales are primarily composed of type I collagen and hydroxyapatite.[@i2164-2591-8-3-27-b19] After decalcification, the collagen fibers in tilapia scales are arranged in neat layers, with collagen fibers that are arranged perpendicularly to those in adjacent layers, similar to the arrangement of corneal stroma layers.[@i2164-2591-8-3-27-b20][@i2164-2591-8-3-27-b21]--[@i2164-2591-8-3-27-b22] Therefore, fish scales show excellent light transmission after decalcification. Due to properties such as biodegradability and low rejection, fish scales have been used to make bone nails and during fracture fixation to speed up the healing process.[@i2164-2591-8-3-27-b23] Fish scales have also been tested as artificial corneal implants because of their excellent light transmission.[@i2164-2591-8-3-27-b24] This material also exhibits good biosafety after decellularization.[@i2164-2591-8-3-27-b24][@i2164-2591-8-3-27-b25]--[@i2164-2591-8-3-27-b26]

Suitability for cell attachment and growth is another important characteristic of a cell carrier. Cells bind to extracellular matrix (ECM) proteins through hemidesmosomes (formed by the transmembrane protein integrin). Therefore, ECM protein coating of a surface can effectively improve the carrier\'s cytocompatibility.[@i2164-2591-8-3-27-b27] Recent studies have revealed that integrin signaling is also involved in regulating cell proliferation.[@i2164-2591-8-3-27-b28],[@i2164-2591-8-3-27-b29] The integrin pathway may affect the cell cycle via phosphatidylinositol 3-kinase (PI3K) signaling.[@i2164-2591-8-3-27-b30] This pathway also affects cyclin D1, via the integrin-linked kinase/Protein Kinase B (ILK/Akt) pathway[@i2164-2591-8-3-27-b31],[@i2164-2591-8-3-27-b32] or the inhibition of p27^Kip1^, which regulates cell proliferation.[@i2164-2591-8-3-27-b33],[@i2164-2591-8-3-27-b34] The transcription factor p63 is reportedly involved in the regulation of corneal epithelial cell proliferation,[@i2164-2591-8-3-27-b35] and previously, we have observed that surface changes for the carrier may affect cell proliferation through the ILK/β-catenin/p63 signaling cascade.[@i2164-2591-8-3-27-b36] It has been reported that integrins participate in the proliferation control of HCECs,[@i2164-2591-8-3-27-b37] and we have observed that PI3K/Akt signaling is involved in cyclin D1 and p27^Kip1^ expression and cell proliferation in B4G12 cells.[@i2164-2591-8-3-27-b38] Therefore, the ECM protein coating of fish scales may affect cell proliferation through the abovementioned pathways.

Recently, Parekh et al.[@i2164-2591-8-3-27-b27] reported the use of tilapia fish scales as an HCEC carrier and found that fish scales required surface coating with an FNC Coating Mix to facilitate cell adhesion. In this study, we further compared tilapia fish scales with other reported HCEC carrier materials (gelatin and chitosan) and found that processed fish scales have several advantages as a cell carrier, including transparency, strength, and biodegradability. We also confirmed that ECM protein-coated and processed fish scales have excellent cytocompatibility and that ECM protein coating can promote cell proliferation. The results of this study show that ECM protein-coated fish scales can be used as a novel HCEC carrier that will benefit cell therapies.

Materials and Methods {#s2}
=====================

Fetal bovine serum (FBS), phosphate-buffered saline (PBS), trypsin-ethylenediaminetetraacetic acid (EDTA), gentamicin, amphotericin B, and an Alexa-Fluor-conjugated secondary immunoglobulin (Ig) G antibody were purchased from Invitrogen (Carlsbad, CA). Dimethyl sulfoxide (DMSO), RPMI 1640 vitamin solution, Hoechst 33342 dye, methanol, and Triton X-100 were purchased from Sigma-Aldrich (St. Louis, MO). Recombinant human basic fibroblast growth factor (FGF) was purchased from Peprotech (London, UK). Collagenase A was purchased from Roche Applied Science (Indianapolis, IN).

A rabbit polyclonal p27^Kip1^ (C-19) antibody was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse β-catenin (clone 15B8) and cyclin D1 (clone CD1.1) antibodies and a rabbit polyclonal lamin B1 (ab16048) antibody were purchased from Abcam (La Jolla, CA). A mouse bromodeoxyuridine (BrdU; RPN20Ab) antibody was purchased from GE Healthcare Amersham (Chalfont St. Giles, UK). A mouse ZO-1 (clone ZO1-1A12) antibody was purchased from Invitrogen. Mouse Na/K-ATPase (clone C464.6), GAPDH (clone 6C5), and p63 (clone 4A4) antibodies were purchased from Millipore (Billerica, MA). A rabbit polyclonal ILK (3862) antibody was purchased from Cell Signaling Technologies (Beverly, MA). A rabbit polyclonal phospho-ILK (T173) antibody (AP7651f) was purchased from Abgent (San Diego, CA). All plastic cell culture ware was obtained from Corning Incorporated Life Sciences (Acton, MA).

The tilapia fish scales were obtained from and prepared by Body Organ Biomedical Corporation (Taiwan). Briefly, fish scales were harvested from whole fish skin and were immediately washed using distilled water (unprocessed). The fish scales were treated with a decellularization (half-processed) and decalcification (processed) process, as described in a previous study.[@i2164-2591-8-3-27-b39] The processed fish scales (13 mm \[diameter\], 0.30--0.35 mm \[thickness\]) were then stored in PBS and sterilized by gamma-irradiation for further studies.

Physical Property Tests {#s2a}
-----------------------

### Optical Transmittance Measurements {#s2a1}

All carrier material samples were immersed in deionized water and then blotted with tissue paper to remove excess water from the surface. The gross appearance of the swollen materials was photographed with a digital camera (Nikon, Melville, NY). Optical transmittance was measured using a UV-visible spectrophotometer (Thermo Fisher Scientific, Waltham, MA), as previously described.[@i2164-2591-8-3-27-b24],[@i2164-2591-8-3-27-b40] In brief, the test specimen was placed in a cell in the middle of the sample holder. During the spectrometry measurements of carriers that operate in the spectral range of 400 to 700 nm, the reference sample consisted of only the material holder, and the test sample consisted of the holder with the carrier in place.

### Mechanical Strength Measurements {#s2a2}

Uniaxial tensile tests were performed according to our previously published procedures.[@i2164-2591-8-3-27-b41] Dumbbell-shaped specimens were fabricated by cutting carrier sheets with a suitable mold under pressure. The gauge length of the specimens was 20 mm, and the width was 5 mm. Sample thickness was measured with a Pocket Leptoskop electronic thickness gauge (Karl Deutsch, Germany). The mechanical properties of all samples were measured at 25°C, with 50% relative humidity, using an Instron Mini 44 universal testing machine (Canton, MA). The results were averaged over three independent runs.

### Degradation Studies {#s2a3}

The extent of degradation was measured according to our previously published procedures.[@i2164-2591-8-3-27-b42] Each type of carrier material was first dried to constant weight (W~i~) in vacuo and immersed in 1 mL of a balanced salt solution (BSS; pH 7.4) containing 12 μg of collagenase (Col I from Clostridium histolyticum, EC 3.4.24.3) at 34°C, with reciprocal shaking in a thermostatically controlled water bath. The degradation medium was replaced regularly with fresh buffer containing the same concentration of enzyme. At specific time intervals, the degraded samples were further dried in vacuo and weighed to determine the dry weight (W~d~). The percentage weight loss (%) was calculated as ((W~i~-W~d~)/W~i~) × 100. The results were averaged over three independent measurements.

Fish Scale Surface Coating With ECM Proteins {#s2b}
--------------------------------------------

The processed fish scales were treated with antibiotics and washed with PBS to remove residual antibiotics. The samples were placed in ECM protein solutions, including fibronectin (5 μg/cm^2^, Sigma-Aldrich), laminin (2 μg/cm^2^, Sigma-Aldrich, cat\# L6274, from human placenta), collagen IV (10 μg/cm^2^, Corning, Acton, MA), and FNC Coating Mix (Athena Environmental Sciences, Inc., Baltimore, MD; ingredients include albumin, collagen I and fibronectin), for half an hour. Afterwards, the samples were removed, air-dried, and placed in human endothelial serum-free medium (HESFM).

Cell Preparation {#s2c}
----------------

This study adhered to the tenets of the Declaration of Helsinki and was approved by the Institutional Review Board of Chang Gung Memorial Hospital (institutional review board approval number 201600515B0). Immortalized HCECs (B4G12 cells) were purchased from Creative Bioarray (Shirley, NY). The cells were cultured in HESFM (Invitrogen) supplemented with 2% FBS and 10 ng/mL basic FGF. The isolation and culture of primary HCECs were performed as described previously.[@i2164-2591-8-3-27-b43] Briefly, after removing the central region for clinical transplantation, the human donor corneas (*n* = 2; OS/OD, aged 61 years) were rinsed with wash medium (containing Opti-MEM, 200 μg/mL gentamicin and 10 μg/mL amphotericin B), and the corneal endothelium was stripped. Following digestion at 37°C for 24 hours with 0.5 mg/mL collagenase A in the wash medium, the stripped corneal endothelium formed cell aggregates. The cell aggregates were cultured in two wells of eight-well Lab-Tek II chamber slides (Nalge Nunc International, Rochester, NY), coated with FNC Coating Mix (Athena Environmental Sciences) in HCEC growth medium (containing Opti-MEM, 10% FBS, 20 ng/mL human epidermal growth factor (EGF), 10 ng/mL basic FGF, RPMI 1640 vitamin solution, 25 μg/mL gentamicin, and 1.25 μg/mL amphotericin B). After 3 weeks, the HCEC aggregates had expanded into a cell monolayer, and the cells were subcultured on FNC-coated processed fish scales (13 mm diameter).

Cell Adhesion Test {#s2d}
------------------

Fish scales were placed in a 24-well culture plate, and B4G12 cells (2.5 × 10^5^ cells/well) were then subcultured on the surfaces of the fish scales. After the cells attached to the surfaces of the fish scales, the scales were transferred to another 24-well plastic culture plate. Cell attachment was checked 48 hours later, using phase contrast microscopy, or the cells were separated 24 hours later for cell counting.

Cell Counting {#s2e}
-------------

The cells from the different groups were treated with 0.5 mL trypsin, and then 100 μL cell suspension was mixed with 100 μL trypan blue. Then, 20 μL of this mixture was loaded onto a hemocytometer, covered with a coverslip, and examined on an inverted microscope at 100× magnification. The cell numbers in four squares were counted, averaged, and then multiplied by the dilution factor to obtain the number of cells per milliliter in the cell suspension. The counting process was repeated three times for each group.

Cell Proliferation Test {#s2f}
-----------------------

Cell proliferation was evaluated by cell counting and with a BrdU labeling assay. For cell counting, the cells were seeded onto the surface of the fish scales, and the culture medium was changed to serum-free medium on the following day. On days 1 to 4, cells were counted using a hemocytometer, as described above. For the BrdU labeling assay, cells from the different treatment groups were labeled with BrdU for 2.5 hours (Cell Proliferation Kit, GE Healthcare Amersham), followed by washing with cold PBS to remove the culture medium. The cells were fixed with 100% cold methanol for 10 minutes, and 5% BSA was added for 30 minutes to block nonspecific binding. Then, an anti-BrdU monoclonal antibody was mixed with DNase I and added to the sample at room temperature for 1 hour. A secondary antibody (1:100, Chemicon, Temecula, CA) was then added at room temperature for 30 minutes, followed by Hoechst 33342 staining and mounting. The samples were then examined using an IF conjugation microscope (TCS SP2-MP system, Leica).

Scanning Electron Microscopy (SEM) {#s2g}
----------------------------------

The samples were observed via SEM. First, the sample was washed three times with PBS (pH 7.5) and then fixed in 2% glutaraldehyde-PBS for 2 hours. The supernatant was then removed, the sample was washed three times with PBS, and fixed in OSO4-PBS for 2 hours. The supernatant was then removed, and the sample was washed with deionized water four times, followed by dehydration using an alcohol gradient and substitution in isoamyl acetate solution twice, for 20 minutes each. The sample was then dried in a CO~2~ critical point dryer (LADD, Williston, VT). The dried sample was then placed on a holder, plated with platinum in a plating machine (SC502, Bio-Rad, Hercules, CA) and observed via SEM (ABT-32, JP).

Immunofluorescence {#s2h}
------------------

The cells were fixed in 4% formaldehyde for 15 minutes and washed with cold PBS to remove the fixative. After treatment with 0.2% Triton X-100 for 15 minutes, 5% bovine serum albumin was added to block nonspecific binding for 30 minutes, and primary antibody was added and incubated at room temperature for 1 hour. Secondary antibody was then added at room temperature for 30 minutes, followed by nuclear staining and mounting. Finally, the samples were examined under an immunofluorescence microscope (TCS SP2-MP system, Leica).

Protein Extraction {#s2i}
------------------

### Nuclear Protein Extraction {#s2i1}

Nuclear protein was extracted using a nuclear extraction kit (Affymetrix, Santa Clara, CA), according to the manufacturer\'s instructions. Briefly, cells were washed with precooled PBS to remove the culture medium, after which, 1× Buffer A (containing 1 mM dithiothreitol, 1× protease inhibitor, and 1× phosphatase inhibitor) was added, and the cells were incubated on ice for 15 minutes. The cells were then scraped off and centrifuged at 14,000 × g for 4 minutes at 4°C. The supernatant was discarded, and the pellet contained the nuclei. Then, 1× Buffer B (containing 1 mM DTT, 1× protease inhibitor, and 1× phosphatase inhibitor) was added, and the sample was vortexed for 10 seconds. The centrifuge tube was placed on ice for 1 hour, during which the sample was vortexed once every 20 minutes. Afterwards, the sample was centrifuged at 4°C at 14,000 × g for 5 minutes. The supernatant contained the nuclear proteins.

### Total Protein Extraction {#s2i2}

Cells were washed with precooled 1× PBS and then placed in Tissue Protein Extraction Reagent (T-PER, Pierce, Rockford, IL), supplemented with 1× protease inhibitor and 1× phosphatase inhibitor, for 10 minutes. The cells were scraped from the culture dish using a scraper, transferred into a centrifuge tube, placed on ice and ultrasound vibrated five times for 6 seconds each. The sample was centrifuged at 4°C for 15 minutes, and the resulting supernatant contained the total cell proteins.

Immunoblotting {#s2j}
--------------

The protein samples were quantified with Coomassie brilliant blue. Protein samples (10 μg) were taken from each group and separated via 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were then transferred to polyvinylidene fluoride (PVDF). After 1 hour of blocking in 5% nonfat milk, the sample was incubated overnight with primary antibody at 4°C and then washed three times with phosphate buffered saline with tween 20 (PBST). After incubating with secondary antibody, anti-IgG-horseradish peroxidase (HRP), at room temperature for 1 hour, the blot was washed three times and developed using ECL Western Blotting Detection Reagents and an Analysis System Kit (GE Healthcare Amersham).

Quantitative Polymerase Chain Reaction (PCR) {#s2k}
--------------------------------------------

### RNA Extraction {#s2k1}

The samples were washed with PBS, precooled on ice, and then mixed with a 10-fold volume of TRIzol reagent. The B4G12 cells on the surfaces of the scales were scraped off with a surgical blade and mixed well with chloroform (200 μL for each milliliter). After centrifugation, the aqueous layer was mixed with an equal volume of isopropanol and 20 μg of glycogen. The sample was incubated for 30 minutes at --80°C, washed with 75% alcohol, and then resuspended in diethyl pyrocarbonate (DEPC).

### Quantitative PCR (q-PCR) Analysis {#s2k2}

q-PCR was performed using the TOOLS 2× SYBR q-PCR Mix (BIOTOOLS Co., Ltd., Taiwan). All reactions were performed on an ABI StepOne 7500 Fast Real-Time PCR System (Applied Biosystems, Waltham, MA). The primers used were as follows: ZO-1 forward, 5′-CAACATACAGTGACGCTTCACA-3′; ZO-1 reverse, 5′-CACTATTGACGTTTCCCCACTC-3′; ATPase (ATP1A1) forward, 5′-CTGTGGATTGGAGCGATTCTT-3′; and ATPase reverse, 5′-TTACAACGGCTGATAGCACCA-3′. The process started with 40 amplification cycles, followed by a melt-curve analysis at 60°C for 1 minute. Finally, the amplification curve and the ΔCt values were analyzed using Step One v2.0 software (Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) expression was used as a control for each gene. Each gene was analyzed in triplicate, and the mean values and standard deviations were calculated after dividing the ΔCt values by the ΔCt value of GAPDH.

Statistics {#s2l}
----------

All tests were repeated three times, and the data are expressed as the mean ± standard deviation. The data were analyzed with Microsoft Excel version 2010 (Redmond, WA), using a one-way analysis of variance, and *P* \< 0.05\* and *P* \< 0.01\*\* indicated significant differences between groups.

Results {#s3}
=======

Observations and Comparisons of the Physical Properties of the Cell Carrier Materials {#s3a}
-------------------------------------------------------------------------------------

Both gelatin and chitosan have previously been used as carriers for HCECs.[@i2164-2591-8-3-27-b12],[@i2164-2591-8-3-27-b14][@i2164-2591-8-3-27-b15]--[@i2164-2591-8-3-27-b16] Therefore, we first examined their physical properties to determine whether fish scales were superior to existing materials. The optical transmission values of the different carrier materials (including gelatin, chitosan, unprocessed fish scales, half-processed fish scales, and processed fish scales) were measured, as shown in the corresponding curved graphs ([Fig. 1A](#i2164-2591-8-3-27-f01){ref-type="fig"}). After processing, the optical transmission value of the fish scales increased 88%. The optical transmission value of the processed fish scales was higher than that of chitosan (43%) and lower than that of gelatin (97%). In [Figure 1B](#i2164-2591-8-3-27-f01){ref-type="fig"}, the results show that the mechanical strength of the fish scales decreased to 33 MPa after processing, which was higher than that of gelatin (7 MPa) and lower than that of chitosan (68 MPa). In addition, the results of the collagenase degradation test showed that gelatin was only detectable in the collagenase solution for less than 1 day, while chitosan, unprocessed fish scales, and half-processed fish scales were not degraded in the collagenase solution until day 14. The weight of the processed fish scales decreased in the collagenase solution over time, with losses of 50% on day 6 and 86% on day 14 ([Fig. 2](#i2164-2591-8-3-27-f02){ref-type="fig"}).

![Physical property tests of different carrier materials. Optical transmission curves for the visible spectrum (A) and tensile strength at the breaking point (B) of different carrier materials (including gelatin, chitosan, unprocessed fish scales, half-processed fish scales, and processed fish scales) were examined. The optical transmission value of fish scales increased after processing and was higher than that of chitosan and lower than that of gelatin. The mechanical strength of fish scales decreased after processing and was higher than that of gelatin and lower than that of chitosan (n = 3; \*\*P \< 0.01). (Upper limit\#): The material did not break at the loading measurement limit of the instrument.](i2164-2591-8-3-27-f01){#i2164-2591-8-3-27-f01}

![Biodegradability studies for different carrier materials. All carrier material samples were immersed in 12 μg/mL collagenase solution. Gross appearance (A) and weight loss (B) were observed before and after 14 days of degradation. The weight of the processed fish scales decreased in the collagenase solution over time. (The scale bar represents 5 mm, n = 3).](i2164-2591-8-3-27-f02){#i2164-2591-8-3-27-f02}

Fish Scale Cytocompatibility and Effects of ECM Protein Coating {#s3b}
---------------------------------------------------------------

B4G12 cells are a SV40-immortalized subclonal cell line, derived from primary HCECs that retain a normal morphology.[@i2164-2591-8-3-27-b44] Given the scarce availability of cornea donors and the differences in HCECs among individual donors, B4G12 cells could be considered to be a cell source with higher homogeneity. B4G12 cells are able to expand and proliferate on noncoated plastic dishes ([Supplementary Fig. S1A](#tvst-08-03-09_s01){ref-type="supplementary-material"}). However, when B4G12 cells were subcultured on the surfaces of noncoated fish scales, the cells failed to expand and instead agglomerated on the surfaces of the fish scales ([Supplementary Figs. S1A](#tvst-08-03-09_s01){ref-type="supplementary-material"}, [3A](#tvst-08-03-09_s01){ref-type="supplementary-material"}). This phenomenon persisted after 3 weeks of culture. The aggregation of individual cells into clumps could be observed via SEM ([Fig. 3B](#i2164-2591-8-3-27-f03){ref-type="fig"}). The fish scale surface was then coated with ECM proteins, such as fibronectin (FN), laminin (LN), collagen IV (Col IV), and FNC coating mix (FNC), and B4G12 cells were subcultured on the surfaces of the coated fish scales. The cells successfully attached to and expanded on the surfaces of the coated fish scales ([Fig. 3C](#i2164-2591-8-3-27-f03){ref-type="fig"}). Specifically, the cells cultured on LN- and FNC-coated fish scales had greater densities (LN 467.1 ± 30.1 cells/mm^2^, FNC 464.6 ± 26.5 cells/mm^2^) and showed polygonal morphologies. In contrast, the cells cultured on FN- and Col IV-coated fish scales had lower densities (FN 286.2 ± 15.1 cells/mm^2^, Col IV 359.1 ± 18.9 cells/mm^2^) and showed irregular morphologies. Further, the cytocompatibility of FNC-coated fish scales with primary HCECs was also observed, and the results showed normal adhesiveness and polygonal morphology for primary HCECs on FNC-coated fish scales ([Figs. 3D](#i2164-2591-8-3-27-f03){ref-type="fig"}, [3E](#i2164-2591-8-3-27-f03){ref-type="fig"}).

![Cytocompatibility tests on fish scale surfaces. The immortalized HCECs (B4G12 cells) were subcultured on the surfaces of non-ECM-protein-coated fish scales, and cell attachment was examined 48 hours later, using phase contrast microscopy (A) and SEM (B). Improvements to cytocompatibility by ECM protein coating were observed using phase contrast microscopy (C). The primary HCECs were also subcultured on FNC-coated fish scales, and cell attachment was examined 3 weeks later, using phase contrast microscopy (D) and SEM (E). The scale bar represents 100 μm (A, B), 50 μm (C), and 200 μm (D, E).](i2164-2591-8-3-27-f03){#i2164-2591-8-3-27-f03}

Because ZO-1 and ATPase expression have been used as HCEC markers, and their localization is essential for their functions, the expression levels and localization of ZO-1 and ATPase were examined using q-PCR, immunoblotting, and immunofluorescence. The results showed that no significant differences in expression levels at either the RNA or protein levels were observed between attached and unattached B4G12 cells ([Figs. 4A](#i2164-2591-8-3-27-f04){ref-type="fig"}, [4B](#i2164-2591-8-3-27-f04){ref-type="fig"}). Immunofluorescence revealed the expression patterns of ZO-1 and ATPase, suggesting that tight junctions and pump protein were maintained in the ECM protein-coated groups ([Fig. 4C](#i2164-2591-8-3-27-f04){ref-type="fig"}).

![Cell adhesion tests on ECM protein-coated fish scales. B4G12 cells were subcultured on ECM-protein-coated fish scales. q-PCR (A), immunoblotting (B), and immunofluorescence (C) were used to examine the expression and location of HCEC markers (ZO-1 and ATPase). Nuclei were counterstained with Hoechst 33342 (blue). The scale bar represents 50 μm. (D) The effect of ECM proteins on cell adhesion was examined using cell counting. Compared with the noncoated groups, ECM protein coating significantly increased the numbers of adherent cells. The cell-adhesive effect of FNC coating was significantly better than those of FN or Col IV coating (\*\*P \< 0.01 versus control group, \#P \< 0.05, \#\#P \< 0.01 versus FNC group, n = 3).](i2164-2591-8-3-27-f04){#i2164-2591-8-3-27-f04}

Cell adhesion was also examined using cell counting. Compared with the noncoated (C) groups, ECM protein coating significantly increased the number of cells that adhered to the fish scales (C 100% ± 11.1%, FN 215.1% ± 10.2%, LN 230.6% ± 16.7%, Col IV 186.3% ± 6.7%, FNC 239.5% ± 6.7%). Furthermore, the cell-adhesion effect of the FNC coating was significantly better than those for the FN or Col IV coatings ([Fig. 4D](#i2164-2591-8-3-27-f04){ref-type="fig"}).

Effects of ECM Protein Coating on Cell Proliferation {#s3c}
----------------------------------------------------

We then performed cell counting and BrdU labeling to examine the effect of ECM protein coating on cell proliferation. Cell numbers were counted from days 1 to 4. The cell counts were significantly higher in the LN, Col IV, and FNC groups than in the noncoated (C) and FN groups (C 120.3% ± 2.9%, FN 112.9% ± 4.2%, LN 148.8% ± 13.6%, Col IV 145.5% ± 4.3%, FNC 140.2% ± 4.8%) ([Fig. 5A](#i2164-2591-8-3-27-f05){ref-type="fig"}). BrdU-positive cells were also detected 2.5 hours after BrdU labeling ([Fig. 5B](#i2164-2591-8-3-27-f05){ref-type="fig"}) in all groups, except for the noncoated group, in which BrdU labeling and detection were not possible due to the formation of cell aggregates (FN 26.1% ± 3.9%, LN 41.3% ± 8.4%, Col IV 45.2% ± 8.4%, FNC 45.7% ± 7.5%), indicating that ECM protein coating (except fibronectin) promoted cell proliferation.

![Effects of ECM protein coating on cell proliferation. Cell proliferation was examined using cell counting (A) and BrdU labeling (B). (A) ECM protein coating (except fibronectin) significantly increased the cell counts (n = 3; \*P \< 0.05 LN, Col IV, and FNC group versus control group). (B) The percentages of BrdU-positive cells (green, nuclei were counterstained with propidium iodide; the scale bar represents 50 μm) in the LN-, Col IV-, and FNC-coated groups were significantly higher than that in the fibronectin-coated group (n = 3; \*P \< 0.05).](i2164-2591-8-3-27-f05){#i2164-2591-8-3-27-f05}

Effects of ECM Surface Coating on ILK Signaling and Growth Regulation {#s3d}
---------------------------------------------------------------------

As ECM protein coating provides ligands for integrin binding, we speculated that the integrin signaling pathway was likely to be affected by protein coating. We previously observed that surface changes for a carrier may affect cell proliferation through the ILK/β-catenin/p63 signaling cascade.[@i2164-2591-8-3-27-b36] Integrins have been reported to be involved in the regulation of HCEC proliferation.[@i2164-2591-8-3-27-b37] We previously observed that PI3K/Akt signaling was involved in cyclin D1 and p27^Kip1^ expression and in cell proliferation in B4G12 cells.[@i2164-2591-8-3-27-b38] Therefore, we further examined changes in the ILK/β-catenin/p63 pathway and the expression of cell cycle-regulating proteins (cyclin D1 and p27^Kip1^) immunoblotting.

We observed that B4G12 cells expanded and proliferated on noncoated plastic dishes. The phosphorylation levels of ILK-T173 (p-ILK), and the protein expression levels of p63, cyclin D1 and p27^Kip1^ were not significantly different between cells cultured on noncoated dishes and those cultured on FNC-coated plastic dishes. However, when cells were cultured on noncoated fish scales, the cells failed to expand and instead agglomerated, and the p-ILK, p63, and cyclin D1 levels decreased, while the p27^Kip1^ levels increased ([Supplementary Fig. S1](#tvst-08-03-09_s01){ref-type="supplementary-material"}).

As seen in [Figure 6](#i2164-2591-8-3-27-f06){ref-type="fig"}, the results showed that, when cells were cultured on noncoated fish scales, p-ILK and p63 were highly expressed in the LN, Col IV, and FNC groups compared with the FN and control groups. However, no significant difference in the nuclear translocation of β-catenin was found. In addition, increased cyclin D1 expression and decreased p27^Kip1^ expression were observed in the FNC groups.

![Effects of the ECM protein coating on ILK signaling and cell proliferation regulators. Protein expression levels of ILK-related signaling molecules and cell proliferation regulators were analyzed with immunoblotting. The fish scales were coated with various types of ECM proteins and then seeded with B4G12 cells. After 48 hours, nuclear extracts (Nu) or total lysates were collected and subjected to immunoblotting using a series of antibodies. Lamin B1 and GAPDH were used as loading controls. p-ILK and p63 were highly expressed in the LN, Col IV, and FNC groups compared with the FN and control groups. Increased cyclin D1 expression and decreased p27^Kip1^ expression were observed in the FNC group.](i2164-2591-8-3-27-f06){#i2164-2591-8-3-27-f06}

Discussion {#s4}
==========

Cell transplant carriers play an indispensable role in tissue engineering. In addition to facilitating surgery, cell carriers provide a microenvironment for cell growth and regulate physiological and biochemical reactions in cells. Thus, relevant research and applications are key aspects of tissue engineering. According to previously published reports, the mean optical transmission of processed fish scales was 90%,[@i2164-2591-8-3-27-b24] whereas the optical transmission of the human cornea was 91%.[@i2164-2591-8-3-27-b45] In the present study, we confirmed that processed fish scales had a high optical transmittance, better than that of chitosan materials and close to that of gelatin ([Fig. 1A](#i2164-2591-8-3-27-f01){ref-type="fig"}). As seen in [Figure 1B](#i2164-2591-8-3-27-f01){ref-type="fig"}, the results showed that, although gelatin has a high level of transmittance, its poor material strength made it difficult to manage in surgery and prone to damage during the transplantation and suture processes. In contrast, the physical properties of processed fish scales were suitable for surgical operations. In addition, Van Essen et al.[@i2164-2591-8-3-27-b24] implanted fish scales into rat corneas for biocompatibility testing and did not observe significant changes in the fish scale structure after 3 weeks. Because the fish scale is composed of collagen I and its weight decreased in collagenase solution over time, it is possible that fish scales fuse with the host tissue through tissue remodeling after long-term implantation. The round-shaped size and curvature of processed fish scales may be obtained by stamping. Moreover, after ECM protein coating, processed fish scales also have good cytocompatibility. Therefore, we believe that fish scales have potential as cell carriers for transplantation surgery.

Although B4G12 cells are immortalized HCECs that retain normal morphology, they have several different properties compared with primary cells. First, the in vitro proliferation capacity of primary HCECs is limited by contact inhibition, and monolayers are formed upon reaching confluence, which may persist for 2 months on FNC-coated plastic dishes. In this study, we observed the maintenance of normal morphology and monolayer formation in HCECs that were seeded on FNC-coated fish scales up to day 21 ([Figs. 3D](#i2164-2591-8-3-27-f03){ref-type="fig"}, [3E](#i2164-2591-8-3-27-f03){ref-type="fig"}). In contrast, proliferation persisted in confluent B4G12 cells, as stratified cell layers formed, which may hamper their clinical applicability. Second, regular commercial plastic dishes are often treated for optimum attachment and growth[@i2164-2591-8-3-27-b46] (e.g., tissue culture treated by the Corning, Inc.). B4G12 cells have stronger adhesive abilities and can expand, proliferate, and subculture on noncoated plastic dishes, while primary HCECs require ECM-coating (e.g., collagen IV or FNC) to improve cell expansion. Despite their stronger adhesive properties, B4G12 cells failed to expand and instead agglomerated on noncoated fish scales but could expand on FNC-coated fish scales after ECM coating. Due to fundamental differences between the use of a cell line and primary cells, we also examined the biocompatibility of FNC-coated fish scales using primary HCECs ([Figs. 3D](#i2164-2591-8-3-27-f03){ref-type="fig"}, [3E](#i2164-2591-8-3-27-f03){ref-type="fig"}). Interestingly, Parekh et al.[@i2164-2591-8-3-27-b27] also reported the proliferation of HCECs on FNC-coated fish scales.

In corneal tissue, HCECs adhere to Descemet\'s membrane (DM). DM consists of a variety of ECM proteins, including collagens (Col IV and Col VIII), LNs (332, 411, and 511),[@i2164-2591-8-3-27-b47] and FN.[@i2164-2591-8-3-27-b48],[@i2164-2591-8-3-27-b49] Examining the effects of ECM protein coating on HCECs, Choi et al.[@i2164-2591-8-3-27-b50] reported that Col I, Col IV, FN, and FNC significantly increased HCEC adhesion and proliferation. In the present study, we observed that ECM proteins effectively promoted the adhesion and proliferation of B4G12 cells on fish scales. We found that different types of ECM coatings had different effects on ILK activation and the expression of p63 and cell cycle mediators (cyclin D1 and p27^Kip1^). An increase in cell proliferation and p-ILK and p63 expression levels were observed in the LN, Col IV, and FNC groups, which indicated that, except for FN, ECM coatings may affect integrin pathway activation and cell proliferation. Because p63 effects the cell cycle by modulating p53 target genes,[@i2164-2591-8-3-27-b51] LN, Col IV, and FNC might affect cell proliferation through p63-dependent pathways. However, p63 was upregulated in the LN, Col IV, and FNC groups, while increased levels of cyclin D1 and decreased levels of p27^Kip1^ were only found in the FNC group, indicating that FNC affects cyclin D1 and p27^Kip1^ via p63-independent pathways. Nevertheless, this hypothesis requires further validation.

Conclusions {#s5}
===========

This study focused on tissue engineering development and aimed to explore new functions for biomaterials that have been proven to be safe. Based on the results of this study, we believe that processed fish scales merit verification as an HCEC carrier. Once their function is tested in animal models, this material may be applied as a clinical cell therapy (e.g., c-DSAEK).
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